For stacked seismic sections, a simplified inversion method is presented to enhance the resolution of seismic data using the scale characteristics of the Fourier transform. The proposed technique generates high-resolution seismic data which are represented by convolution of a band-limited wavelet with the reflectivity series. According to the scale characteristic of the Fourier transform, the amplitude will be shifted to a higher frequency band as the seismic wavelet compresses in the time domain. In our proposed method, the seismic wavelet is estimated firstly, and transformed to a highresolution wavelet with higher frequency band. Secondly, a filter is inverted from the high resolution wavelet, and applied to the original seismic data to improve resolution. We consider the seismic reflectivity series as white noise and a zero-phase seismic wavelet. Results on synthetic and field data show that the proposed technique can generate high-resolution seismic section efficiently, which is a simple and convenient method for seismic inversion and reservoir prediction in thin layered reservoirs.
Introduction
High-resolution seismic data are needed for characterizing thin-layered hydrocarbon reservoirs, and the improvement of seismic resolution has been an objective for many research geophysicists. The main methods include the inverse-Q filter (Chen and Wang, 2008 ) and different deconvolution methods (i.e. Robinson and Treitel, 1980) . In the convolution model, the recorded seismic trace is a convolution of the reflectivity series with a seismic wavelet. The seismic wavelet is often frequency band-limited, whilst the reflectivity series is assumed to be white noise with un-limited frequency bandwidth. The convolution model is a common and convenient approach for improving seismic resolution through the deconvolution process. During deconvolution, various linear/nonlinear inverse methods have been used to estimate the seismic wavelet (e.g. Oldenburg et. al., 1981; Oppenheim, 1965; Treitel and Lines, 1982) , including the famous Wiener filtering (Walden, 1988) and blind deconvolution (van der Baan and Pham, 2008) .
In this paper, we assume that the seismic resolution is controlled by the seismic wavelet. The shorter the seismic wavelet, the higher the seismic resolution, and vice versa. We propose a simple method for enhancing the resolution of seismic data using the scale characteristics of the Fourier transform based on the common convolution model. A processing workflow for field seismic data is established, which is verified by wedge synthetic data. Its application to seismic data from a land field shows that it is a convenient and feasible method for enhancing seismic resolution.
Methodology
According to Fourier theory (Rader, 1968) , the transform pair of seismic wavelet w( ) t in time domain and () Wf in frequency domain can be written as w( ) ( )
where, t is the time variable, f is the frequency variable, and () Wf can be the expressed by amplitude spectra | ( ) | Wf and phase spectra () f
Based on the scale characteristics of the Fourier transform, if the seismic wavelet w( ) t is compressed or stretched in the time domain, the corresponding () Wf will be changed accordingly. Considering a scale factor a, the transform equation can be written as
Therefore, equation (2) can be rewritten as
Combining equations (3) and (4) gives the transform equation
This is the Fourier scale transform equation. Equation (5) indicates that (1) if the seismic wavelet is compressed, the amplitude spectra will be shifted to a higher frequency band (Bansal and Matheney, 2010) , when the scale factor a>1, hence, the seismic resolution increases; (2) if the seismic wavelet is stretched, the amplitude spectra will be shifted to a lower frequency band, when the scale factor 0＜ a<1, hence, the seismic resolution decreases.
Figures 1 and 2 show three examples of synthetic wavelets and their amplitude spectra for comparison.
Figures 1a and 1b show two wavelets with peak frequencies of 30Hz and 60Hz, respectively. Choosing the scale factor a=2, the scaled wavelet is shown in Figure 1c , which has almost the same length and shape as the 60Hz wavelet. And the comparison of the amplitude spectra ( indicates that the scale transform will shift the spectra to a higher frequency band if the wavelet is compressed. This characteristics of the Fourier transform is used in this paper to enhance the seismic resolution. 
Processing workflow and synthetic example
For real seismic data, the seismic trace s(t) is the convolution of seismic wavelet w(t) and reflectivity series r(t), ( )= ( ) * ( ) s t w t r t , (6) where, "*" is the convolution operator. And the convolution model in frequency domain is
According the scale transform of seismic wavelet, the transformed seismic trace can be rewritten as the following equation after scaling using the scaled wavelet ˆ()
It indicates that we can improve the seismic resolution by scaling the seismic wavelet if we can obtain filter H(f).
Therefore, we have the following workflow for improving resolution of field seismic data using the scale transform:
(1) estimate the seismic wavelet w(t) from the input seismic trace;
(2) transform the seismic wavelet w(t) to ˆ() wt using a scale factor; (3) calculate filter H(f) using the seismic wavelet w(t) and the scaled wavelet ˆ() wt ; (4v) finally, process the seismic trace data using filter H(f).
We use a synthetic dataset to illustrate the above workflow for improving seismic resolution. The synthetic model is a wedge model of sandstone embedded in a shale background. Two Ricker wavelets with peak frequencies of 30Hz and 60Hz are used to compare the results of scale processing. The results are shown in Figure 3 . Figure 3a is the synthetic seismic section using the 30Hz wavelet, and Figure 3b is for the 60Hz wavelet. And the third panel (Figure 3c ) is the seismic section after the scale processing using the 30Hz synthetic section. A scale factor of 2 (a=2) is chosen for comparison with the 60Hz wavelet synthetic data. As shown in Figures 3b and 3c the scale transform, which confirms that the scale processing can improve the seismic resolution and may be used for processing field seismic datasets. 
Field data example
The above proposed wavelet scale transform method and workflow to enhance seismic resolution is applied to field land seismic data. The stacked seismic section is obtained from prestack seismic migration where the seismic wavelet is zero phased. The reservoir of the study area is thin interlayered tight sandstones. Figure 4 shows the initial seismic section and the scale processed section. Figure 4a is the input original section and Figure 4b is the seismic section after wavelet scaled processing. Here, we choose the scale factor a=1.8. After the high-resolution processing, the resolution of seismic data is improved, and the inter-layered sandstone reservoir is clearly revealed. In particular, for the main target at time about t=2.5s, the zoomed in comparison of seismic sections is shown in Figure 5 . As shown in the figures, an event in the thin layer sandstone can be seen (indicated by arrows), together with one of the small faults (indicated by circle). Figure 6 shows the comparison of the amplitude spectra for the original seismic section and the scale processed section. In the figure, the blue curve is the amplitude spectrum before processing, whilst the red curve is the amplitude spectrum after processing. The frequency band range is changed to about 10Hz-80Hz from the original 6Hz-40Hz, which indicates an improvement in seismic resolution. 
Conclusions
The applications of synthetic and field seismic data confirm that it is feasible and convenient to use the scale Fourier transform to improve seismic resolution, and the scale factor is the key factor to control the resolution. For an application to real data, the seismic resolution is improved, revealing the seismic response of a thin layered sandstone reservoir. Note that there is a trade-off between resolution and signal-to-noise (S/N) using the scale transform. The S/N ratio decreased slightly after the processing in the field data application (as shown in Figures 4b and 5b) . The proposed method can also be extended to the situation where the seismic wavelets change vertically and laterally by windowed processing strategies.
